In Brief
Xu et al. optogenetically interrogate dorsal raphe serotonergic neurons in a novel odor-guided intertemporal choice task. They found that serotonergic neuronal manipulations bidirectionally regulated impulsive choice at decision point under choices involving delay-size trade-off.
INTRODUCTION
Intertemporal choice is decision about future outcomes that are differently delayed. Impulsive choice, the preference for more immediate but smaller rewards, is associated with a number of maladaptive behaviors [1] [2] [3] [4] and psychiatric disorders [5] [6] [7] [8] .
Serotonin has been well studied in intertemporal choice paradigms with lesion and pharmacological methods and is thought to promote the choice for larger, more delayed reward [9] [10] [11] . Due to the low temporal resolution of such techniques, it has been difficult to pinpoint how serotonin performs this function. We reasoned that, since many intertemporal decisions are carried out before action or outcome materializes, and are often prompted by conditioned stimuli (CSs), neuronal activity causally driving decision making should occur at cue. Indeed, recordings of optically tagged dorsal raphe (DR) serotonergic neurons in a Pavlovian task showed that some of them fired phasically to reward-predicting cues [12] . We, therefore, hypothesized that this phasic activity of serotonergic neurons could be used to direct choice at the decision point with the presentation of a CS.
To test our hypothesis, we needed a behavioral task that isolated a clearly defined decision point [13] . To this end, we devised a novel odor-guided intertemporal choice (OGIC) task that randomizes reward delay contingencies trial by trial, in the fashion of existing odor-based rodent decision tasks [14] [15] [16] . Randomizing reward contingencies ensures that a decision has to be made on every trial, and the use of odor cues allows the isolation of a decision period for temporally precise neural manipulations. We then systematically tested mouse subjects on decisions between a large reward and a small one that were differently delayed while optogenetically activating or suppressing DR serotonergic neurons during the decision period in a random subset of the trials. Our findings suggest that serotonergic neuronal activity suppresses impulsive choice at the decision point under trade-off conditions, possibly via action in the nucleus accumbens (NAc), another structure-implicated impulsive choice [17] [18] [19] [20] . We propose that serotonergic neurons play a crucial role in resolving reward delay and size trade-off under decision conflict.
RESULTS

Mice Can Use Odor Cues to Choose Sooner or Larger Rewards
We conducted the task in a custom-designed operant chamber with a center odor port and two side reward ports. Subjects initiated each trial by nose poking into the odor port and sampled a mixture of two odors. After cue sampling, mice could respond by choosing to nose poke in either reward port ( Figure 1A) . After a reward delay, a water reward was delivered in the chosen side port. A predetermined trial duration was set to the same length, regardless of the chosen reward option, so that subjects could not perform more trials over a given period of time by choosing the less delayed reward. All possible combinations of left and right reward delays were offered pseudorandomly in an interleaved fashion within each session. Sert-Cre mice [21] were water restricted and shaped to associate the intensity of odor 1 with left reward delay and that of odor 2 with right reward delay ( Figure 1B) . The performance of an example subject after training is shown in Figure 1C . During training, both left reward size (S L ) and right reward size (S R ) were 1 drop (SL1 sessions); after training, the S L became 2 drops, while the S R remained at 1 drop (SL2 sessions). Motor aspects of response to the two odors are shown in Figure S1 . Subjects chose the left reward more often during SL2 sessions ( Figure 1F ; paired t test, t 9 = 6.090, (J) The coefficient for the interaction term was significantly reduced during SL2 sessions (Wilcoxon signed-rank test; **p < 0.01). Data are represented as mean ± SEM. See also Figure S1 and Table S1 . p < 0.001). Psychometric curves of a representative group of subjects show the proportion of left choice as a function of left and right reward delays (10 mice; 64 SL1 sessions, 10,882 trials; 79 SL2 sessions, 10,269 trials). We fitted the proportion of left choice with a multiple regression model to express left choice as a function of left and right reward delays offered. We reasoned that, since the goal of the task was to compare reward delays to make a choice, it was very likely that the effects of the two reward delays depended on each other; therefore, we included an interaction term between the left and right reward delays. This addition also improved fitting of the model (see STAR Methods and Table S1 for model selection). Our model, indeed, had a significant interaction term on the population level (Wilcoxon signed-rank test, p < 0.01 for SL1 sessions, and p < 0.01 for SL2 sessions). Between SL1 and SL2 sessions, the only model coefficient that changed significantly was that of the interaction between left and right delay, b Left Delay * Right Delay À1 ( Figure 1J , Wilcoxon signed-rank test, p < 0.01), indicating reduced dependency between the effects of the two reward delays.
Optogenetic Manipulations of DR Serotonergic Neurons Bidirectionally Regulated Impulsive Choice
We manipulated DR serotonergic neurons at the decision point in the OGIC task to investigate the role of transient serotonergic activity in intertemporal choice. In all manipulation experiments, we tested a smaller range of right reward delays (0, 2, and 8 s). The S L was always twice as large as the S R (S L = 2 3 S R ). First, we hypothesized that transiently silencing serotonergic neurons would encourage impulsive choice. Sert-Cre mice trained on the OGIC task as described earlier were injected in the DR nucleus with AAV9-EF1a-DIO-eArch3.0-EYFP (DR-Arch; Figures 2A and 2C ) or a control virus containing only EYFP (DR-Ctrl) and were implanted with a single optical fiber over the DR. Light delivery was administered interleaved on a subset of trials. A constant pulse of green light (532 nm, 5 mW) was triggered by odor port entry and terminated at reward port entry ( Figure 2B ) to ensure that light delivery spanned the entire epoch where a decision could be made or changed. Similar light delivery was effective in suppressing spontaneous firing in the DR in an in vivo anesthetized preparation ( Figures S2A and S2B ). Green light reduced choice of the larger reward in the DR-Arch group but not the DR-Ctrl group ( Figure 2K ; two-way ANOVA with repeated measures, significant interaction between group and light, F(1, 19) = 11.72, p < 0.01; ns = 10 DR-Arch and 10 DR-Ctrl subjects). Proportions of left choice for DR-Arch and DR-Ctrl groups under green-light manipulation were fitted with the choice model described in the previous section, with an additional term for light treatment, as shown in Figures 2D, 2E , 2I, and 2J. We found that there was a significant positive interaction between green light and the delay interaction term (Figure 2M ; Wilcoxon signed-rank test, p < 0.05). Green light did not have a significant interaction with any other model parameters (Table S2 ; Wilcoxon signed-rank test, p > 0.05). We conclude that green light specifically increased the interaction between left and right reward delays in favor of choosing the smaller reward on the right.
Next, we hypothesized that augmenting serotonergic activity during the same time point might have the opposite effect. We injected similarly trained and implanted Sert-Cre mice with AAVrh8-CBA-DIO-ChR2-EYFP virus (DR-ChR2; Figures 2F and 2H). A transient bout of blue light was able to reliably trigger spiking in the ChR2-expressing serotonergic neurons ( Figures S2C-S2E) . In the task, blue light increased preference for the larger reward in the DR-ChR2 group but not the DR-Ctrl group ( Figure 2L ; two-way ANOVA with repeated measures, significant interaction between group and light, F(1, 19) = 29.95, p < 0.01; ns = 10 DR-ChR2 and 10 DR-Ctrl subjects). There was a significantly negative interaction between blue light and, specifically, the delay interaction term ( Figure 2M ; Wilcoxon signed-rank test, p < 0.05) in favor of choosing the larger reward. Blue light did not have a significant interaction with any other model parameters (Table S2 ; Wilcoxon signedrank test, p > 0.05).
Taken together, these results indicate that manipulating the predictive activity of DR serotonergic neurons bidirectionally regulated impulsive choice by altering how the effects of both reward delays on offer affected each other.
NAc Is a Site of Action for Serotonergic Neurons in Regulating Impulsive Choice NAc is a region with extensive neuromodulatory innervation and interaction [20, 22, 23] . Serotonergic axons have been shown to innervate both the core and the shell regions of the NAc [24] . As previously reported [25] , we observed the presence of EYFPcontaining projections in the NAc, more prominently in the shell region, in Sert-Cre mice expressing a ChR2-EYFP construct in the DR (Figures 3A and 3B) .
To investigate the downstream target of DR neurons responsible for the effects we observed, we manipulated opsin-expressing serotonergic axons in the NAc. Sert-Cre mice trained on the OGIC task were injected with adeno-associated viruses (AAVs) carrying either a ChR2-EYFP construct (DR-NAC-ChR2), an eArch3.0-EYFP construct (DR-NAC-Arch), or a control EYFP construct (DR-NAC-Ctrl) and implanted bilaterally with optical fibers over the NAc.
Green light reduced the proportion of left choice in the DR-NAC-Arch group but not in the control group ( Figure 3E ; two-way ANOVA with repeated measures, significant interaction between group and light, F(1, 19) = 13.19, p < 0.01; ns = 10 DR-NAC-Arch and 10 DR-NAC-Ctrl subjects). Blue light increased this preference in the DR-NAC-ChR2 group but not in the control group ( Figure 3F ; two-way ANOVA with repeated measures, significant interaction between group and light, F(1, 19) = 15.17, p < 0.01; ns = 10 DR-NAC-ChR2 and 10 DR-NAC-Ctrl subjects). Similar to what we observed in DR cell-body experiments, green light in the DR-NAC-Arch group had a positive interaction with the delay interaction term ( Figure 3G ; Wilcoxon signed-rank test, p < 0.05), whereas blue light in the DR-NAC-ChR2 group had a negative interaction with the delay interaction term ( Figure 3G ; Wilcoxon signed-rank test, p < 0.05). Light did not have significant interaction with any other model parameters (Table S2 ; Wilcoxon signed-rank test, p > 0.05). These results suggest that the NAc likely acts as a target site to mediate the action of serotonergic neurons in suppressing impulsive choice by altering how the effects of both reward delays on offer affected each other.
DR Serotonergic Manipulation Effects Were Modulated by the Degree of Trade-off
We consistently found optogenetic manipulations of serotonergic activity either at the cell bodies or at their NAc-projecting terminals to be effective in altering the interaction between the effects of left and right reward delays bidirectionally. In the OGIC task, difficulty arising from having to discriminate between odor pairs (perceptual difficulty; see STAR Methods) covaried with the dilemma in choosing between two reward delays (choice difficulty; see STAR Methods); therefore, we could not immediately exclude the possibility that light manipulations were affecting the subjects' discrimination between similarly concentrated odors. We found, though, that light did not affect the effects of the left delay or right delay alone, indicating that the subjects could respond normally to each odor by itself. Since interaction terms are complex concepts to interpret, we Figure S2 and Table S2. visualized the manipulation effects using our choice model with heatmaps ( Figures 4A-4D ). We found that the valleys of the Arch manipulation effects and the peaks of the ChR2 manipulation effects did not coincide with the perceptual boundary, where left and right reward delays are equal, but were skewed in the direction of longer left reward delay. Since the left reward was larger, the subjects were willing to tolerate higher delays for it. Therefore, the region where we saw the greatest manipulation effects was where there was more difficult decision trade-off.
Given the model prediction, we looked in our raw choice data for a relationship between choice difficulty and the light effect ( Figures 4E-4H ). To quantify the relationship, we expressed light effect as a function of both choice difficulty and perceptual difficulty (see STAR Methods). The coefficient for choice difficulty after any effect of perceptual difficulty was accounted for was still significantly lower than zero for the DR-Arch and NAC-Arch groups (Figures 4J and 4L ; Wilcoxon singed-rank test, p < 0.05) and was significantly higher than zero for the DR-ChR2 and (G) There was a positive interaction between green light and the delay interaction term in the DR-NAC-Arch group (Wilcoxon signed-rank test; *p < 0.05), whereas there was a negative interaction between blue light and the delay interaction term in the DR-NAC-ChR2 group (Wilcoxon signed-rank test; *p < 0.05). Data are represented as mean ± SEM. See also Table S2. NAC-ChR2 groups (Figures 4J and 4L ; Wilcoxon signed-rank test, p < 0.05 and p < 0.01, respectively). Choice difficulty did not affect light effects in control groups (Figures 4J and 4L ; Wilcoxon signed-rank test, p > 0.05).
Taken together, we show that optogenetic manipulations of serotonergic neurons and their NAc-projecting axons are most effective in altering the subjects' choice when the trade-off was most difficult.
DISCUSSION
Serotonergic Activity at the Decision Point Modulates Impulsive Choice We report here that transient inhibition of serotonergic activity at the decision point promotes impulsive choice, whereas transient activation has the opposite effect. We demonstrated a role for serotonergic activity at the decision point to affect choice. Previous work has shown that serotonergic activation during waiting for a reward increased waiting [26, 27] , suggesting that serotonin signals the availability of delayed reward and increases persistence in waiting for the said delayed reward. In contrast to the subjects in a waiting paradigm, the subjects in the present experiments had not already been waiting at the activation or inhibition onset; therefore, the effects we observed were not simply due to extending an existing behavioral state. We showed that manipulations of serotonergic neurons are capable of recruiting patient behavior programs, such as a patient choice in our experiments, before waiting even begins. Our results, therefore, demonstrate an additional and distinct mechanism for serotonin to suppress impulsive choice and buttress the theory of serotonin support for patience. We did not observe altered behavior inhibition, since the subjects did not spend more time sampling in the odor port or traveling to the reward ports during light stimulation ( Figures S2F and S2G) . Our results provide strong evidence that serotoninergic neurons support patience primarily through suppressing impulsive choice, as opposed to impulsive action [28] .
Serotonergic neurons have also been suggested to encode unconditioned rewarding stimuli in naive mice [25, 29] . After training, serotonergic neurons have been shown to fire phasically at a CS in proportion to the value predicted by the CS [12, [30] [31] [32] [33] in Pavlovian tasks. Our results provided causal evidence that this reward value-predictive signal could be used to direct behavior. The manipulation effects in the present experiments are specific to the reward delay interaction term ( Figures  2M and 3G) , which was also the term that was different between SL1 and SL2 sessions in baseline behavior ( Figure 1J ). It is possible that serotonergic neuronal suppression caused the subjects to undervalue the S L and that activation caused them to overvalue it. This bidirectional shift in preferences was only captured because our task constituted only free choices with equally valid responses on both sides. From this perspective, serotonergic neurons could act as a decision variable for controlling intertemporal preferences.
Serotonergic Neurons Are Engaged in Difficult DelaySize Trade-off
We observed the greatest effect in serotonergic manipulations when the subjects had to wait longer for the larger reward, but not vastly longer (Figure 4) . We propose that serotonergic neuronal control of choice is specific to difficult trade-off conditions. This idea may explain the seemingly inconsistent results in serotonergic manipulations in rodent delay-discounting literature. Chemical lesions of the serotonergic system have been shown to increase impulsivity in some delay-discounting experiments [9, 10] but not in others [34] ; Mobini et al. and Wogar et al. used an adjusting-delay procedure developed earlier [35] , whereas Winstanley et al. varied delay contingencies systematically. Since adjusting-delay procedures for the indifference delay for the larger reward, the procedure measures preference near the indifference delay, i.e., conditions with greater delaysize trade-off. On the other hand, when delays are systematically varied, the region of greatest trade-off may contribute narrowly to sampled datasets. In our study, we may have identified conditions for which serotonergic neurons are important, and those for which they are not, because we exhaustively sampled large sets of delay combinations in fine grain, delineating between hightrade-off and low-trade-off conditions.
Our proposal for serotonin function in trade-off emphasizes the integrative nature of serotonin encoding. To process trade-off, a neural structure must have information about both reward and cost. Others have proposed similar theories for serotonin's role in combining positive and negative valences. For example, serotonin was proposed to encode ''beneficialness'' [36] as a function of reward magnitude multiplied by reward probability subtracting cost. Given the diverse observations of serotonin effects in both reward and punishment processing, the more integrative theories may have greater explanatory power. Of course, positive and negative valences are not necessarily integrated in parallel, as in the case of positive and negative outcomes of a choice. A possible alternative interpretation of our data is that the need for trade-off constitutes a precondition for serotoninergic neurons to be engaged. Decision conflict between wanting to choose a larger reward and a sooner one could induce anxiety and lead to impulsive behavior. Interestingly, it has been shown that optogenetic activation was most effective in averting wait errors during the late phase of waiting, when mice were more likely to give up [26] . It is possible that serotonergic neurons are activated in response to this negative mood to maintain a representation of positive predictions of future reward, and, as a result, resolving decision conflicts appropriately. Testing these theories will certainly require a combination of manipulations and monitoring of neuronal activities during behavior paradigms explicitly designed to probe the interaction between positive and negative valences.
DR-NAc Circuits Can Mediate Serotonergic Control of Intertemporal Choice
We found that augmenting and inhibiting opsin-expressing serotonergic axonal projections in the NAc mimicked the effects of manipulating DR serotonergic cell bodies. The NAc has been found to be involved in choice impulsivity [17] , and the dense and diverse neuromodulatory input to the region is thought to contribute [20] . More specifically, ablation of the core region of the NAc (NAcC) has been shown to reduce responding to the larger reward in delay-discounting tasks [18, 19] but not in the shell region (NAcSh) [19] . We observed a more prominent presence of opsin-expressing serotonergic projections in the NAcSh, but also in the NAcC to a smaller extent. Due to difficulty in restricting the spread of light in optogenetic manipulations, we cannot definitively attribute the effects of DR-NAc manipulations to either sub-region, although it is more likely that DR-NAcSh projections are mediating the observed effects. The latter possibility appears inconsistent with the prevailing belief that the NAcC is the major component responsible for processing delayed reward. The difference between chronic and acute neuronal manipulations is often discussed, especially in the era of optogenetics [37] . It is possible that the NAcC is the main component processing delayed reward but that the NAcSh is a site of dynamic neuromodulatory control upstream of NAcC. A future goal would be to elucidate the functional relationship between the structures.
We propose that NAc is a projection target that mediates the action of serotonergic neurons in guiding intertemporal choice.
Since we cannot rule out the possibility that terminal stimulation caused antidromic activation of DR cell bodies, and since serotonergic neurons project widely, it is possible that other areas could be affected by the stimulation of DR projections in the NAc. Further work is required to clarify the relationship between DR serotonergic neurons and their target areas.
Neurochemical Considerations
Optogenetic activation of serotoninergic neurons have been well documented to cause serotonin release in projection targets [26, 38] . Serotonergic neurons have also been reported to signal reward via the co-release of both serotonin and glutamate [25, 29, 39] . It is possible that some of the effects we observed are mediated by glutamate transmission. Although we do not observe reward effects of optogenetic stimulation of DR, we cannot exclude this possibility. We, therefore, draw our conclusions about serotonergic neurons as labeled by the genetic marker Sert.
Conclusions
In conclusion, we developed a novel odor-guided choice task that combines genetic tools of great temporal and cellular specificity with well-controlled psychophysical characterization of intertemporal decision making. We show that transient manipulations of DR serotonergic activity at the decision point causally regulated impulsive choice during difficult delay-size trade-off. We propose that predictive reward-value encoding signals in serotonergic neurons underlie appropriate choice between differently delayed reward options under decision trade-off.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Subjects were male adult mice heterozygous for the transgene Sert-Cre (Tg(Slc6a4-cre)ET33Gsat; Gensat) in the C57BL/6J background. They were singly housed and water-restricted in accordance with guidelines from the Committee on Animal Care (CAC) at the Massachusetts Institute of Technology. Behavior experiments were carried out during the dark phase of the 12 hr dark/12 hr light cycle.
METHODS DETAILS Viral Construction
The AAV-CBA-DIO-ChR2-EYFP plasmid was constructed by inserting the ChR2-EYFP gene fragment, which was obtained from a template, pLenti-CaMKIIa-ChR2-EYFP (courtesy of Dr. Karl Deisseroth at Stanford University [40] ) into a linearized and modified AAV vector containing the chicken b-actin promoter, using the double-floxed inverted construct strategy. Restriction digests were made according to standard protocol, and ligations were made using Takara DNA ligation kit version 2.1. The construct was amplified using EndoFree Plasmid QIAGEN maxi prep kit. Recombinant AAV vectors were serotyped with AAVrh8 coat proteins and were packaged by the viral vector core at the Gene Therapy center and Vector Core at the University of Massachusetts Medical School. The final viral concentration was 1 3 10 13 genome copies mL À1 .
Stereotactic Injections and Optical Fiber Implantations
Stereotactic viral injections and optical fiber implantations were performed in accordance with CAC guidelines at MIT. Mice were anaesthetized using 250 mg/kg avertin and mounted onto a stereotactic setup. A small craniotomy was made over DR. 1.5 mL of virus was injected by using a glass micropipette attached to a 10 mL Hamilton microsyringe through a microelectrode holder filled with mineral oil. A microsyringe pump was used to control the speed of the injection. For Arch experiments, mice were injected in the DR nucleus (AP: À4.65 mm, DV: À3 mm, ML: 0 mm) with AAV9-EF1a-DIO-eArch3.0-EYFP (UNC Vector Core), or a control virus containing AAV9-EF1a-DIO-EYFP (UNC Vector Core), diluted to a titer of 1x10 11 particles/ml, in a pulled micropipette needle attached to a microinjector. For ChR2 experiments, mice were injected in the DR nucleus with AAVrh8-CBA-DIO-ChR2-EYFP diluted to a titer of 1x10 12 particles/ml. fitted with the top segment of a black microcentrifuge tube. For DR-NAc projection manipulation experiments, bilateral optical fibers were implanted above the nucleus accumbens (AP: +1.2 mm, DV: À4mm, ML: ± 0.7 mm). For further light shielding, any dental cement not covered by the microcentrifuge tube was painted over with black nail polish. Mice were allowed to recover over a period of at least two weeks before being water-restricted again. For electrophysiological validation, viruses were injected and allowed to express for 3-4 weeks before recordings were performed.
In Vivo Electrophysiological Recordings DR-ChR2 mice were anaesthetized via an i.p. injection (100 mL/kg) of a mixture of ketamine (100 mg/mL) / xylazine (20 mg/mL) and mounted on a stereotactic instrument. DR-Arch mice were anaesthetized with an i.p. injection of 1g/kg of urethane dissolved in saline. A small craniotomy was made above DR, and an optrode consisting a 0.5 MU tungsten electrode and an optical fiber with a diameter of 200 mm was lowered slowly into DR nucleus. The tip of the electrode extended beyond the end of the fiber tip by 200 mm. The optical fiber was connected either to a blue laser (473 nm, at 10 mW at fiber tip) or a green laser (532 nm, at 5 mW at fiber tip) during the recording. The lasers were controlled by a signal generator. For ChR2 experiments, the blue laser was pulsed at 5 ms width and 10 Hz frequency. For Arch experiments, a constant pulse of green light was used. Multiunit or single unit activity was recorded via an Axon Digidata 1440A acquisition system running Clampex 10.2 software. Data were analyzed using MATLAB.
Histology and Immunohistochemistry
Mice were perfused with 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS). Brains were then post-fixed with the same solution overnight and sliced with a vibrotome to 50 mm sections. Sections were then incubated in primary antibodies in blocking solution (PBS containing 0.2% triton and 1% BSA) overnight at room temperature, washed in PBS 3 times for 15 min each, and then incubated in secondary antibodies in blocking solution for 2 hr at room temperature. Primary antibodies used were rabbit anti-TPH (Thermo Fisher, 1:1000) and chicken anti-GFP (Abcam, 1:1000). Secondary antibodies used were AlexaFluor 488-or 568-conjugated secondary antibodies (Invitrogen, 1:1000). Sections were then washed again in PBS 3 times, mounted onto glass slides and allowed to dry completely. Vectashield mounting medium containing DAPI was then applied to the brain sections and cover slides were added.
Behavior Chamber
The behavior task took place in an operant chamber. The chamber was equipped with 3 ports into which the subjects could nosepoke. The center port delivered the odor and the two side ports delivered water reward. The center port was connected to an odor manifold fitted with filters containing odors diluted with mineral oil. Air flow to the manifold was controlled by an olfactometer (Island Motion, Tappan, NY, USA). A stream of air flow through the odor filters joined the main carrier flow and was delivered to the subject. The side ports were fitted with water tubing connected to solenoid valves. When the subjects poked into the ports, infrared beams broke and the poke events were logged by MATLAB (The MathWorks, Natick, MA, USA).
Behavior Task Subjects were water restricted for a week (administered 1.2 mL of water in a single session per day), and then gradually shaped to associate odor intensity with reward delays. On day one, subjects were placed into the chamber with the shaping protocol in place. Trials were self-initiated. Subjects were required to poke in the center port and collect a reward from either side port. Total air flow was held constant at 1000mL/min throughout the session. Odor delivery started as soon as the subjects made a center poke in. The intensity of odor 1 (caproic acid, 1:10 dilution in mineral oil) was linearly correlated with delay to the left reward. The intensity of odor 2 (hexanol, 1:10 dilution in mineral oil) was linearly correlated with delay to the right reward. The subjects were required to sample for a minimum of 400 ms at the center port before the trial was able to proceed. The subjects were then required to commit a choice in one of the side ports to initiate the reward delay. The LEDs on the ports turned on when a center poke was made and were turned off when a valid side poke was made. If a center poke was not long enough to qualify the trial, the trial was aborted and the LEDs turned off. During the reward delay, the subjects were free to leave the port and move about the chamber. Once the reward delay lapsed, the water valve released a drop of water ($3 mL) with a click, and the subject could collect the water reward. The trials lasted 6 s longer than the longer reward delay so that the length of the trial was not contingent upon the choice. During training, both reward ports released 1 drop of water each. Subjects were typically trained on the task for 3 to 4 months before they consistently chose the less delayed reward. Once subjects had associated the odor intensities with reward delays, the left reward port released 2 separate drops of water (a large reward), while the right reward remained at 1 drop (a small reward). Implanted mice performed the OGIC task with laser delivery through patch cords attached to the optical implants by ceramic sleeves. The patch cords were attached to a rotary joint to allow rotations and to free the mice for movement within the operant chamber. Between 10% and 20% of the trials were pseudorandomly selected to be light-on trials, in which the laser was turned on when a valid center poke was made, concurrent with the odor onset, and turned off when a valid side poke was made, committing the choice. The lasers (CNI, Jilin, China; Optoengine, Utah, USA) were triggered via a TTL pulse issued from the state machine that also controls the behavior apparatus. For Arch and green light control experiments, a constant pulse of 5 mW 532 nm light was used. For ChR2 and blue light control experiment, a train of 473 nm light was used at 10 Hz and 5 ms pulse width, power measured to be 10mW at constant output.
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QUANTIFICATION AND STATISTICAL ANALYSIS Preference Data Extraction
Port entry timestamps were logged using computers. For each subject, trial-by-trial data arrays were constructed using MATLAB. Data from all sessions performed by the subject were pooled. The preferences were tabulated for each combination of left and right delays. Sampling time was calculated by subtracting the center poke entry time from center poke exit time. Transit time was calculated by subtracting the side port entry time from the center port exit time. The preference data were first sorted by relative reward delays: whether left reward delay was longer than, equal to or shorter than the right reward delay. Average preference for each case was calculated and compared between stimulation conditions.
Choice Model for Psychometric Curves
We used a multiple regression model to describe the choice. We took the inverse of the right reward delay because it fitted the data better. In order to take the inverse of right reward delay, which contained 0 s values, we added a small delay of 0.5 s to both left and right reward delays, which corresponds roughly to average transit time. Different link functions were compared as well as models including and not including an interaction between left delay and right delay To assess the influence of light activation and inhibition, we added a dummy variable for the presence of light, which could be 0 for light off and 1 for light on and could interact with any of the existing independent variables. Population means and SEMs for light interaction coefficients were compared to zero.
Trade-off Analysis
Heatmaps were generated by representing light effect predicted by the model with color intensity (predicted proportion of left choice with light on -predicted proportion of left choice with light off). Choice difficulty was calculated as 0.5 -jpreference during light off trials -0.5j, i.e., the distance between the subject's mean choice to the closer 0 or 1 bounds. Perceptual difficulty was calculated as 1 -jintensity of odor 1 -intensity of odor 2 j/140. 140mL/min is the maximum total odor intensity possible. To compare the influence of choice difficulty against that of perceptual difficulty on the manipulation effect, a multiple linear regression was performed for individual subjects, where effect = b 0 + b choice difficulty * choice difficulty + b perceptual difficulty * perceptual difficulty. Population means and SEM for regression coefficients were compared to zero.
Statistics
Data between control and test groups with a light-on and light-off design were analyzed in R with two-way ANOVA with a mixed model, accounting for the within design of light and between design of group. Model coefficients sometimes violate the assumption of normality of residuals as assessed by Shapiro-Wilk test, and therefore were compared with Wilcoxon signed-rank tests between conditions or with zero, wherever appropriate. Null hypothesis was rejected at p value < 0.05, unless Bonferroni-corrected for multiple comparisons, in which case the p value was multiplied by m, where m is the number of hypotheses. All data were visualized as population means with SEM, and the fit line represents the population mean of linear fit lines of individual subjects.
